The human cytomegalovirus (HCMV) early UL4 promoter has served as a useful model for studying the activation of early viral gene expression. Previous transient-transfection experiments detected cis-acting elements (the NF-Y site and site 2) upstream of the transcriptional start site (L. Huang and M. F. Stinski, J. Virol. 69:7612-7621, 1995). The roles of two of these sites, the NF-Y site and site 2, in the context of the viral genome were investigated further by comparing mRNA levels from the early UL4 promoter in human foreskin fibroblasts infected by recombinant viruses with either wild-type or mutant cis-acting elements. Steady-state mRNA levels from the UL4 promoter with a mutation in the NF-Y site were comparable to that of wild type. A mutation in an Elk-1 site plus putative IE86 protein binding sites decreased the steady-state mRNA levels compared to the wild type at early times after infection. Electrophoretic mobility shift assays and antibody supershifts detected the binding of cellular transcription factor Elk-1 to site 2 DNA with infected nuclear extracts but not with mock-infected nuclear extracts. The role of cellular transcription factors activated by the mitogen activated protein kinase/extracellular signal-regulated kinase pathway in activating transcription from early viral promoters is discussed.
Human cytomegalovirus, a member of the betaherpesvirus family, is a ubiquitous human pathogen. Primary infection in healthy individuals is usually asymptomatic, but in immunocompromised individuals, human cytomegalovirus (HCMV) infection can cause pneumonitis, hepatitis, retinitis, and gastrointestinal diseases. In utero infections can cause severe congenital defects including mental retardation and hearing loss (4) . HCMV replicates in fibroblasts and epithelial, endothelial, smooth muscle, and microglial cells and in macrophages (72, 75) . HCMV remains latent in macrophage-granulocyte progenitors and in peripheral blood monocytes (27, 46, 57, 62, 76) . Upon differentiation from monocytes to macrophages, lytic gene expression occurs (18, 33, 51, 76) .
HCMV contains a linear double-stranded genome of approximately 230 kbp which can code for more than 200 proteins (12) . As with other herpesviruses, HCMV genes are expressed in a temporal cascade. The first genes expressed without de novo viral protein synthesis are referred to as immediate-early (IE) genes. The IE proteins are required for subsequent early gene expression. The early genes code for viral DNA replication factors. After viral DNA replication, late gene expression occurs (79) .
Two of the IE genes, IE1 and IE2, which are both expressed from the major IE promoter, are transactivators for early viral gene expression as demonstrated by transient-transfection assays (79) . The mechanism by which the IE86 protein encoded by the IE2 gene transactivates early viral promoters in the context of the viral genome is still not well understood. Recombinant truncated IE86 fusion proteins produced in bacteria can interact in vitro with basal transcription factors TFIID, TATA-binding protein, TAFII-130, and TFIIB (9, 26, 40, 54) , but these interactions have not been demonstrated in vivo. The IE86 protein also interacts in vitro with a variety of other cellular regulatory proteins and some unknown cellular proteins (19, 25, 49, 55, 73, 77, 81) . In addition, the IE86 protein interacts in vivo with itself (2, 13) and the viral early UL84 protein (20, 70, 80) . Cellular and viral trans-acting proteins and cis-acting regulatory elements are crucial for regulation of early viral gene expression. Many of the HCMV IE86 proteinresponsive genes have regulatory elements upstream of the TATA box that contribute to activation in transient-transfection assays. For example, the TRL4, TRL6, UL4, UL112-113, and UL54 promoters have USF/MLTF, AP-1, NF-Y, ATF/ CREB, and ATF/Sp1 upstream binding sites, respectively (30, 41-44, 49, 56, 82, 92, 97) .
The mitogen-activated protein kinase (MAPKs) signaling pathways are important for cells to respond to various extracellular stimuli such as growth factor stimulation and cellular stress, including heat shock, osmotic shock, UV light, and cytokine stimulation. The cells may respond by cellular differentiation and proliferation, growth inhibition, or apoptosis. These important signaling events are strictly regulated (68, 96) . In mammalian cells, three major subfamily of MAPKs-the extracellular signal-regulated kinase 1/2 (ERK1/2), the stressactivated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), and the p38 kinase have been well studied (68, 96) . MAPKs are activated by dual phosphorylation on specific tyrosine and threonine residues upon stimulation. Following activation, the activated MAPKs can be translocated from the cytoplasm to the nucleus, where their transcription factor targets are located (14) . The substrates for activated ERK1/2 include transcription factor AP-1, Elk-1, SAP-1a, Ets-1, CREB, c-Myc, Tal, and the signal transducer and activator of transcription (STAT) proteins, etc. (68, 96) .
Viruses have evolved numerous ways to take advantage of the host cell machinery to facilitate their own gene expression and replication in host cells. These include the shut-off of host cell protein synthesis and inhibition of cell cycle progression. Evidence from a variety of studies indicates that viruses can stimulate the activation of cellular MAPK pathways and use these pathways to regulate their own viral gene expression. The MAPK/ERK pathway has been demonstrated to be important for viral replication of the bovine papillomavirus (59), simian virus 40 (SV40) (78) , and human immunodeficiency virus type 1 (34) . In addition, the activation of SAPK/JNK signaling pathway is important for herpes simplex virus type 1 (HSV-1) replication (60, 98) .
A recent report by Rodems et al. (69) demonstrated that HCMV infection activates ERK1/2. ERK activity can be detected 15 min after infection and remains elevated for 8 h postinfection (hpi). In addition, the activity of the early viral UL112-113 promoter is reduced in the presence of a MAPK/ ERK kinase inhibitor (69) . These studies suggested that HCMV-induced activation of the MAPK/ERK pathway might contribute to the activation of early viral gene expression. In addition, HCMV infection can activate the p38 pathway at approximately 8 h after infection and maintain activation through a mechanism of inhibition of dephosphorylation (36, 37) . The p38 pathway is also important for HCMV replication because the usage of a p38 inhibitor results in a significant decrease in the viral titer (37) . The SAPK/JNK activity is not elevated after HCMV infection (36) . The activation of the ERK1/2 and p38 signal transduction pathways by HCMV requires de novo viral protein synthesis (36, 69) .
To better delineate the mechanisms of HCMV early viral gene expression and the relationship to the ERK1/2 signal transduction pathway, we have used the viral early UL4 promoter as a model system. Previous transient-transfection assays demonstrated that the NF-Y binding site and the site 2 region upstream of the early viral UL4 promoter (E1) were major upstream regulatory elements. The viral promoter E1 drives the synthesis of a 1.5-kb mRNA, which encodes a 48-kDa virion-associated glycoprotein of unknown function (10, 11, 30) . To better understand the regulation of HCMV early promoters in relation to activation of signal transduction pathways, we determined the roles of the upstream cis sites in the context of the viral genome by constructing recombinant viruses with wild-type or mutant upstream regulatory cis sites in an ectopic position of the viral genome. We demonstrate that a recombinant virus with site 2 mutations had a reduced level of transcription at early times after infection compared to a recombinant virus with a wild-type site 2. The NF-Y binding site did not play a significant role in UL4 promoter activity in virus-infected human foreskin fibroblasts (HFFs). An Ets family member, Elk-1 protein, which is a downstream target of the MAPK/ERK pathway, binds to the site 2 region. We propose that the HCMV early UL4 promoter is activated by cellular transcription factors activated by the MAPK/ERK pathway.
MATERIALS AND METHODS
Virus and cell culture. The maintenance of primary HFFs has been described previously (84) . The maintenance and propagation of HCMV Towne strain and all AD169 strain-derived recombinant viruses have been described previously (38, 83) .
Enzymes. Restriction endonucleases were purchased from New England Biolabs Inc. (Beverly, Mass.). T4 DNA ligase, the Klenow fragment of Escherichia coli DNA polymerase I, and calf intestinal alkaline phosphatase were obtained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.). Taq or Vent DNA polymerase was purchased from New England Biolabs, Inc., and Fisher (Pittsburgh, Pa.), respectively. RNasin and RNase-free DNase were purchased from Promega (Madison, Wis.). The enzymes were used according to the manufacturers' instructions.
Plasmid constructions. Plasmids p-220CAT and p⌬MSVgpt have been described previously (10, 61) . Plasmid p-220CAT has the UL4 (E1) promoter and 220 bp upstream of the transcription start site and the downstream chloramphenicol acetyltransferase (CAT) gene. A 1,225-bp AvrII-SacI DNA fragment (bp 200,578 to 201,803) of HCMV Towne strain containing the US12 and US13 genes and a 1,205-bp HindIII-BamHI DNA fragment (bp 195,838 to 197,043) containing the US6 and US7 genes were cloned into the corresponding sites in p-220CAT to generate plasmid pwt-as. Two fragments were generated by PCR using two sets of primers: primer 5Ј-GTATCCGGccTGagtggccTCGGCTCTGG TC-3Ј with primer 5Ј-CGCCCCGCCCTGCCACTC-3Ј and primer (T7 primer) 5Ј-TAATACGACTCACTATAGGG-3Ј with primer 5Ј-CCGAggccactCAggCC GGATACGCTACA-3Ј (mutant bases are indicated by lowercase letters). Plasmid pwt-as was used as the template. The 2,013-bp SacI-NcoI DNA fragment of pwt-as was replaced with the two PCR subfragments generated as described above-the 1,288-bp SacI-SfiI DNA fragment and the 725-bp SfiI-NcoI DNA fragment-to generate plasmid pdlIE86-as, which contains a mutation in the putative IE86 protein binding site in the site 2 region.
For construction of plasmid pwt-xs, a 1,411-bp XbaI-SacI DNA fragment (bp 200,392 to 201,803) of HCMV Towne replaced the AvrII-SacI of pwt-as. The NF-Y binding site and site 2 mutations were introduced into the UL4 promoter by site-directed mutagenesis using PCR and pwt-xs as the template. The primer pairs used to generate the UL4 promoter mutants were as follows: for plasmids pdlNF-Y-xs (NF-Y mutant), primer 5Ј-GAGGAATTCTCAGGGGATGATAT GGGAagatcagcgctcATAAGACAAG-3Ј and primer 5Ј-GCCATACGGAATTC CGGATGAGCA-3Ј; for plasmid pdlElk-1/IE86-xs (site 2 mutant), primer 5Ј-C aTATCatGgcctGAATgGcctactagTGGTCaGGGGGATAGTGA-3Ј and primer 5Ј-GCCATACGGAATTCCGGATGAGCA-3Ј; for the T7 primer and primer, 5Ј-agtaggCcATTCaggcCatgATAtGCTACATACCT-3Ј. All primers were purchased from Life Technologies (Grand Island, N.Y.) unless otherwise specified. All mutations were confirmed by automated dideoxynucleotide sequencing (University of Iowa DNA core).
A 2,115-bp BsrGI-BamHI DNA fragment containing the guanine phosphoribosyltransferase gene (gpt) under the control of a minimal SV40 promoter was isolated from p⌬MSVgpt. A BamHI linker was added to the blunt end of BsrGI. The 2.1-kb DNA fragment was subcloned into the BamHI-HpaI-digested plasmid pwt-as. The resulting plasmid was designated pHBgpt-220CAT AS.
HCMV recombination and plaque purification. Recombinant virus RVwt-as and RVdlIE86-as were generated by the blue-white isolation method as described previously (45) . Plasmids pwt-as and pdlIE86-as were linearized with XhoI and cotransfected into HFFs with infectious DNA from recombinant virus RV7150 (a gift from Thomas R. Jones, American Cyanamid Company, Pearl River, N.Y.) using the calcium phosphate precipitation method of Graham and Van der Eb (22) . Approximately 3 days after 100% cytopathic effect (CPE), the viral supernatant was harvested and stored as viral stock at Ϫ70°C. Recombinant viruses were plaque purified on HFF monolayers grown under medium containing 0.5% agarose. Individual plaques were picked and transferred to HFFs in 24-well culture dishes at approximately 14 days after infection. The cells were overlaid with medium containing 0.5% agarose and 75 g of X-Glu (5-bromo-4-chloro-3-indolyl-␤-D-glucuronide; Sigma) per ml. White plaques were picked. CAT assays, dot blot analyses and Southern blot analyses were performed as described previously (10, 21, 50, 61) .
Recombinant virus RVUL4CATgpt was isolated using a combination of the blue-white isolation method and the gpt positive selection method (23) . Subconfluent HFFs were cotransfected with infectious RV7150 viral DNA and pHBgpt-220CAT AS. After 100% CPE, the viruses were harvested. Enrichment of gpt containing virus was performed by infecting HFFs with the virus stock in medium containing 40 g of mycophenolic acid (Sigma) per ml and 200 g of xanthine (Sigma) per ml. After three rounds of enrichment for gpt-containing virus, the viruses were used to infect HFFs grown in 60-mm-diameter plates. Recombinant viruses were isolated by the blue-white isolation method and identified further by dot blot hybridization as described above.
Recombinant viruses RVwt-xs, RVdlNF-Y-xs, and RVdlElk-1/IE86-xs were generated by the method of Greaves and Mocarski (24) . HFFs were cotransfected with infectious RVUL4CATgpt viral DNA and plasmid shuttle vectors pwt-xs, pdlNF-Y-xs, or pdlElk-1/IE86-xs. After 100% CPE, the viruses were harvested and diluted 1:10 or 1:20. Lesch-Nyhan cells GM02291 (Coriell Cell Repository, Camden, N.J.) in 100-mm-diameter plates in medium containing 6-thioguanine (50 g/ml; Sigma) were infected. Virus plaques were picked and transferred to HFFs grown in 24-well dishes. Cell-associated viral DNA was screened by dot blot hybridization and cell lysates were screened by CAT assay as described (21, 50, 61) . Positive plaques were subjected to two additional rounds of plaque purifications.
Southern blot analysis. Viral supernatant was collected and centrifugation was used to pellet virus particles as described (83) . The viral DNA was isolated from the viral pellet as described previously (61) . Then, the viral DNAs were digested with restriction endonuclease HindIII, SfiI, or HaeII and subjected to electrophoresis in 0.6 or 3% agarose gels. The DNA was transferred to maximum strength NYTRAN (Schleicher & Schuell, Keene, N.H.), and Southern blot analysis was performed as described (5, 61) . All probes used in dot blot as well as Southern blot analysis were prepared by randomly labeling gel-purified DNA fragments using [ 32 P]dCTP (Amersham, Arlington Heights, Ill.) and the multiprime DNA labeling system (Amersham). Unincorporated nucleotides were removed by pushing the probe through a Nuctrap purification column (Stratagene, La Jolla, Calif.). The 32 P-HindIIIX probe was prepared using the 5,019-bp HindIII-HindIII DNA fragment of pMSDT DG (87) . The 32 P-XA probe was prepared by labeling the 186-bp XbaI-AvrII DNA fragment from plasmid pwt-xs.
Northern blot analysis. Cytoplasmic RNAs from mock-infected or HCMVinfected HFFs were isolated as described previously (10, 29) . Eight micrograms of cytoplasmic RNA was subjected to electrophoresis in a 1% agarose gel containing 2.2 M formaldehyde and transferred to maximum strength NYTRAN (Schleicher & Schuell). Northern blot analysis was performed as described previously (61) . UL4-and CAT-specific DNA probes were derived from the 230-bp AvaII-DraI DNA fragment of pEgp48 (10) and the 305-bp NcoI-BspEI DNA fragment of pHB-220CAT AS, respectively. All probes were labeled with the multiprime DNA labeling system (Amersham). The same blot was serially stripped and rehybridized with different probes.
RNase protection assays. Antisense actin and IE1 riboprobes have been described previously (53, 88) . For the CAT antisense probe, a 384-bp EcoRI-EcoRI fragment from plasmid pwt-as, which spans 116 bp upstream and 268 bp downstream from the transcription start site of the UL4-CAT promoter, was cloned in vector pBluescript-II KS(ϩ) (Stratagene). The riboprobes were synthesized using [
32 P]UTP (Amersham) as described previously (47) . Cytoplasmic RNA was harvested from four 100-mm-diameter plates of HFFs either mock infected or infected with HCMV recombinant viruses at a multiplicity of infection (MOI) of 5 PFU/cell at various times after infection. Twenty micrograms of RNA was hybridized to 32 P-labeled antisense CAT, IE1, or actin probes at room temperature (RT) overnight before digestion with RNase T 1 (100 U) as described previously (53) . The protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels followed by autoradiography on Hyperfilm MP (Amersham). Signals were quantitated by an electronic Autoradiographic Instant Imager (Packard Instant Imager, Meridan, Conn.).
EMSA. DNA fragments used in electrophoretic mobility shift assay (EMSA) were generated by using primer 5Ј-GCAGGTATcTAGaGTATCCG-3Ј and primer 5Ј-CCTCACgcTagCCCGGACCAGAGCCG-3Ј (31) for PCR amplification of pwt-as for the wild type and pdlIE86-as for dlIE86. After digestion with NheI and XbaI, the PCR product was fractionated in 3% LMP agarose gel (Eastman Kodak Company, Rochester, N.Y.) and further purified with the MERmaid kit (Bio 101, Vista, Calif.). For all other probes or competitor DNAs (TNSM6, dlElk-1/IE86, or M3), synthetic oligonucleotides were purchased from Life Technologies. The sequence for the TNSM6 probe was 5Ј-CCTTTATAA AGGCCGGAAACGCTGAAAGGG-3Ј (forward) and 5Ј-CCCTTTCAGCGTT TCCGGCCTTTATAAAG-3Ј (reverse). The probes and nonradioactive competitor DNAs were denatured at 95°C and annealed gradually by cooling down to RT. Double-stranded DNA was purified as described above. The concentrations of the DNA fragments were estimated by ethidium dot assay (71) EMSA with nuclear extracts was performed essentially as described (31) with minor modifications. Two micrograms of nuclear extract was preincubated with nonradioactive competitor DNA at 10-or 50-fold molar excess relative to the probe in the presence of 1 g of sheared salmon sperm DNA and buffer I (6.25 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM dithiothreitol, 0.01% Nonidet P-40, and 9% glycerol) at RT for 15 min. Then, 176 fmol of radioactive probe was added to the reaction mixture and incubated at RT for 15 min. The DNA-protein complexes were separated from free probe by electrophoresis in a 5% nondenaturing polyacrylamide gel in 0.5ϫ TAE (20 mM Tris-acetate, pH 7.2, containing 1.0 mM EDTA) at 4°C. Gels were dried and exposed to Hyperfilm MP (Amersham).
In antibody supershift experiments, 2 g of either mock-or HCMV-infected nuclear extract was incubated with 1 g of sheared salmon sperm DNA and buffer I in the presence or absence of nonradioactive DNA at RT for 15 min. One or 5 l of anti-immunoglobulin G (IgG) control antibody or anti-Elk polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.) was added to the reaction mixture at RT for 30 min before 176 fmol of probe (ϳ50,000 cpm) was added. The reaction mixture was allowed to incubate at RT for 15 min. Electrophoresis was performed as described above. The total amount of protein in each reaction mixture was balanced by adding bovine serum albumin.
RESULTS
Recombinant viruses with UL4 promoter mutations. Previous deletion mutation analysis indicated that elements upstream of the HCMV UL4 promoter were important for promoter activation. DNase I footprinting analysis demonstrated three cellular protein binding sites, designated sites 1, 2, and 3 (31) . In addition, the viral IE86 protein expressed as a truncated form in E. coli can bind in vitro to site 2 DNA (31). Deletion mutation analysis and transient-transfection assays indicated that site 2 and the NF-Y binding site were critical for promoter activity (30, 31) (Fig. 1A) . We performed site-directed mutagenesis of site 2 and the NF-Y site as indicated in Fig. 1B . Putative IE86 protein binding sites, CGN 9 CG, between Ϫ163 and Ϫ151, and Ϫ148 and Ϫ136, relative to the transcription start site, were also targeted for mutagenesis. The potential role of these sites was determined in the context of the viral genome using a series of recombinant viruses containing the UL4 promoter driving transcription of the CAT gene (UL4-CAT) ( Fig. 2A) . Although the UL4 gene of HCMV is reported to be nonessential (66, 86) , we replaced the UL4 gene with the CAT gene and made upstream promoter mutations in an ectopic position of the viral genome because the marker gene coding for ␤-glucuronidase was cloned in this region of the viral genome (38) and facilitated recombinant virus isolation. We took advantage of the blue-white plaque selection method (45) as well as the gpt selection method (23) to isolate recombinant viruses. The UL4 promoter-CAT constructs were inserted by homologous recombination between the US8 and US11 region of the viral genome, which has been shown to be dispensable for viral replication in tissue culture (38, 39) .
The genome structures of the recombinant viruses were analyzed by HindIII restriction endonuclease digestion of viral DNAs followed by Southern blot hybridization using a 32 P-labeled XA probe. The predicted sizes of viral DNA fragments are indicated in Fig. 2A . The resulting RVwt-xs, RVdlNF-Y-xs, and RVdlElk-1/IE86-xs differ from the parental RVUL4CATgpt by the presence of the XbaI-AvrII DNA fragment and the absence of the gpt gene (Fig. 2B and data not  shown) . Site-specific mutations generated in the UL4 promoter region were confirmed by DNA sequencing in the shuttle vector and by double restriction endonuclease digestion of the recombinant viral DNAs as illustrated in Fig. 2C and D. The genome structures of RVwt-xs, RVdlNF-Y-xs, and RVdlElk-1/IE86-xs were also confirmed by using the HindIII X probe, which spans part of the US6 and US12 in the recombinant viruses (Fig. 2E and F) . RVwt-as and RVdlE86-as were confirmed by Southern blot analysis as illustrated in Fig. 2E and F. All of these recombinant viruses had growth kinetics similar to their parental RV7150 and to the wild-type construct (data not shown).
UL4 promoter activity in both the ectopic and natural positions. To determine whether the expression pattern of the ectopic UL4-CAT promoter correlates with that of UL4 promoter in the unique long component of the viral genome, the UL4 and CAT transcripts were assayed in permissive HFFs infected with RVwt-xs at 5 PFU/cell. Cytoplasmic RNAs were isolated at 6, 24, and 48 h.p.i. and subjected to Northern blot analysis using 32 P-labeled DNA probes. Both CAT and UL4 RNAs were detected at 6 h and increased at 24 and 48 h after infection as shown in Fig. 3 . The highest amount of steadystate viral mRNA was detected at 24 hpi. The steady-state level of transcript from the UL4-CAT promoter in the ectopic position was qualitatively similar to that of the transcript from the UL4 promoter in the unique long component of the HCMV genome. An equal amount of RNA was loaded onto each lane and confirmed by ethidium bromide staining of the 28S and 18S rRNA present in each lane (data not shown). We conclude that transcription from the ectopic UL4-CAT promoter in the recombinant viruses was qualitatively similar to that from the UL4 promoter in the natural position of the viral genome.
Effect of the NF-Y mutation. To determine whether the NF-Y binding site was important for activation of the UL4 promoter in the context of the viral genome, we analyzed the steady-state level of RNA transcribed from the UL4-CAT promoter in HFFs infected with either a wild-type (RVwt-xs) or mutant (RVdlNF-Y-xs) at 5 PFU/cell. Cytoplasmic RNAs were isolated from infected cells under treatment with phosphonoacetic acid (200 g/ml) for 48 h or without treatment for 6 and 24 h. An RNase protection assay of HFFs infected with RVwt-xs or RVdlNF-Y-xs at early times after infection (6, 24, or 48 h.p.i. plus PAA) is shown in Fig. 4 . The expression from the UL4-CAT promoter displays a typical pattern of an early viral promoter with the highest level of steady-state RNA at 24 hpi in both the RVwt-xs and RVdlNF-Y-xs infected HFFs. The internal control for multiplicity of viral infection, the protected IE1 RNA, had significantly higher levels at 6 hpi than at 24 and 48 hpi as expected. The protected CAT RNA level from RVwt-xs infected cells was similar to that of RVdlNF-Y-xs which contains a mutant NF-Y site (Fig. 4A , compare lane 6, 8, and 10 with lanes 7, 9, and 11 respectively). The levels of protected CAT RNA after normalization to the internal IE1 RNA or to actin RNA exhibited little to no difference as shown in Fig. 4B . Other independently plaque-purified RVdlNF-Y-xs virus isolates behaved similarly. We conclude that mutation of the NF-Y binding site, which is a positive element in transienttransfection assays, does not play a critical role in UL4 promoter activation in the context of the viral genome. putative IE86 protein binding sites (CGN 9 CG) between Ϫ163 and Ϫ151 and Ϫ148 and Ϫ136, relative to the transcription start site (Fig. 1) . However, these sites are not the consensus CGN 10 CG, which is critical for efficient IE86 protein binding (93) . Recombinant virus RVdlIE86-as contains a wild-type Elk-1 site and site-specific mutations in the distal putative IE86 protein binding site. Since a previous report demonstrated that mutation of both the CG dinucleotides of the consensus CGN 10 CG sequence are necessary for complete abolishment of the binding of IE86 protein in vitro (93), we mutated all four CGs and some of the N9 sequence between the CGs in RVdlElk-1/IE86-xs. We tested by EMSA as described previously (31) for in vitro binding of purified r-maltose-IE86 fusion protein to DNA probes containing either dlIE86 or dlElk-1/ IE86 and detected no binding to the mutated DNA (data not shown).
At 24 hpi, the steady-state level of CAT RNA was equal between values for RVwt-as and RVdlIE86-as (Fig. 5) . Therefore, mutations in the region of the putative distal IE86 protein binding site had no effect. RVdlElk-1/IE86-xs contains mutations in both the distal and proximal putative IE86 protein binding sites as well as the Elk-1 site (Fig. 1B) . HFFs were infected with the recombinant viruses at approximately 5 PFU/ cell and cytoplasmic RNAs were analyzed by RNase protection assays as described in the Materials and Methods. The steadystate level of CAT RNA was higher with RVwt-xs than RVdlElk-1/IE86-xs-A at 24 hpi. (Fig. 6A, lane 7 and 8 ). To confirm this result, another recombinant RVdlElk-1/IE86-xs-B virus was derived from a separate transfection and plaque purified. At 24 h pi, both RVdlElk-1/IE86-xs-A and -B viruses exhibited a reduction in steady-state CAT RNA relative to wild type (Fig. 6A, lanes 7 to 9, and 6B ). The same MOI was established by detection of the IE1 RNA signal from RVwt-xs and RVdlElk-1/IE86-xs-A, but with RVdlElk-1/IE86-xs-B, the IE1 RNA was lower (Fig. 6A, lanes 2 to 4) . This explains why there was more of a reduction in the CAT RNA with RVdlElk-1/ IE86-xs-B. The more extensive site 2 mutation, which disrupts both the putative IE86 protein binding sites and the Elk-1 site, reduced the level of steady-state mRNA from the UL4-CAT promoter in the context of the unique short component of the viral genome. We conclude that site 2 in the context of the viral genome plays a regulatory role in the activity of the UL4 promoter.
Cellular nuclear protein(s) binding to site 2. Previous DNase I footprint assays demonstrated that cellular proteins from both HeLa cell and HFF nuclear extracts bound site 2 DNA sequence (31) . EMSA detected two DNA-protein complexes, designated complex X and Y. The identity of the cellular protein(s) was not known. We performed EMSA and competition assays with wild-type site 2 or mutant site 2 (dlIE86 or dlElk-1/IE86) DNA sequences using HeLa or HFF nuclear extracts. Nuclear extract was incubated with or without 10-or 50-fold (Fig. 7A) prior to the addition of the radioactive wild-type site 2 probe. Without the addition of the competitor DNA, EMSA detected two DNA-protein complexes, X and Y, as expected (Fig. 7B, lane 2) . In competition assays, the nonradioactive wild-type and dlIE86 DNA fragments competed efficiently for the formation of the complexes X and Y (Fig. 7B , lanes 3 and 4 and lanes 5 and 6, respectively). In contrast, dlElk-1/IE86 DNA fragments did not compete (Fig. 7B, lanes 7 and 8) . In addition, the heterologous control DNA M3 did not compete (Fig. 7B, lanes 9 and 10) . These assays were confirmed by EMSA using radiolabeled wild type, dlIE86 or dlElk-1/IE86 probes with HeLa cell or HFF nuclear extract (data not shown). In summary, cellular protein binding to site 2 was disrupted in dlElk-1/IE86 DNA and intact in dlIE86 DNA. This binding difference might be responsible for the difference in UL4-CAT promoter expression between RVdlElk-1/ IE86-xs and wild type or RVdlIE86-as. Cellular protein(s) in complex Y. To identify candidate cellular site 2 binding proteins, a transcription factor database was searched. By using the TESS program, the site 2 sequence was predicted to bind cellular transcription factors Elk-1 or GATA-1. The consensus sequence for Elk-1 DNA binding contains the core sequence 5Ј-GGA-3Ј as shown in Fig. 8A . There is a second 5Ј-GGA-3Ј trinucleotide motif present in the wild-type site 2 region, but the flanking sequence does not fit the predicted Elk-1 consensus binding site, and therefore, this second site was not investigated further. Since recent reports indicated that the MAPK/ERK pathway was activated by HCMV infection (69) and Elk-1 is a target for phosphorylation at the end of this pathway, we determined whether Elk-1 could be one of the cellular proteins bound to the site 2 DNA sequence. A probe (TNSM6) containing a known Elk-1 site (48) was used in EMSA. Nuclear extracts from mock-infected or HCMV Towne-infected HFFs (24 hpi) were incubated with or without 10-or 50-fold molar excess of nonradioactive wild-type site 2 DNA prior to the addition of the rabbit polyclonal antibody against Elk-1. After incubation with TNSM6 probe, protein-DNA complexes similar to X and Y were detected, and anti-Elk-1 antibody, but not control IgG, supershifted a portion of the faster-migrating complex (Fig. 8B, lane 7) . The formation of the new complex disappeared gradually as the amount of nonradioactive competitive wild-type site 2 DNA increased (Fig. 8B, lane 8 and 9 ). When the site 2 wild-type DNA was used as a probe, only the anti-Elk-1 antibody caused a supershift (Fig. 8C, lane 6) . The new complex can be competed away by wild-type nonradioactive site 2 DNA fragments (Fig. 8C, lane 7) . These data indicated that Elk-1 could specifically bind to the site 2 element. The amount of supershift with the Elk-1 polyclonal antibody was not complete, suggesting that the antibody is not very efficient in recognizing the Elk-1 antigen under the conditions used or complex Y is also formed by another member of the Ets family. EMSA also revealed a striking result when mock-infected versus HCMVinfected HFF nuclear extracts were used. The formation of the fast-migrating DNA-protein complex Y was greatly induced by HCMV infection (Fig. 8B, compare lanes 2 and 3, or Fig. 8C,  compare lanes 1 and 2) .
DISCUSSION
Previous transient-transfection experiments demonstrated two cis-regulatory sites for the transcriptional regulation of the HCMV early UL4 promoter, the NF-Y binding site, and the site 2 region. Since NF-Y can interact with histone acetyltransferases (HATs) (15) , the binding of NF-Y between Ϫ98 to Ϫ88 relative to the transcription start site could recruit HATs to the HCMV UL4 promoter and be responsible for the activation of this early viral promoter. Alternatively, the IE86 protein encoded by the IE2 gene could bind to a putative IE86 protein binding sites and function by interacting directly or indirectly with HAT. We determined the role of the NF-Y binding and a putative distal IE86 protein binding site, and to our surprise, recombinant viruses with mutations had promoter activity similar to the wild-type UL4-CAT promoter. Therefore, the NF-Y site did not play a role in this early viral promoter activation in the context of the unique short component of the viral genome.
The site 2 region can specifically bind to cellular protein(s) (31) . We have identified one of the cellular proteins as Elk-1. Recombinant virus with mutations in both of the putative IE86 protein binding sites and the Elk-1 protein binding site in the site 2 region had a significant reduction in UL4-CAT promoter activity. So far, we cannot absolutely rule out the possibility that the putative IE86 protein binding site might play a role in the activation of the UL4-CAT promoter, but we consider this mechanism unlikely. Transcription factor binding site database search analysis (http://mpap1.trc.rwcp.or.jp/research/db /TFSEARCHJ.html) did not reveal any repressor protein binding sites in the sequence of dlElk-1/IE86 or any specific activator binding sites in the putative IE86 protein binding sites of the wild-type sequence.
Supershift experiments demonstrated that cellular transcription factor Elk-1 binds to site 2 and is in a DNA-protein complex designated complex Y. The formation of DNA-pro- FIG. 3 . Northern blot analysis of UL4-CAT or UL4 RNA expression in HFFs infected with RVwt-xs. HFFs were either mock infected or infected with RVwt-xs (5 PFU/cell). Cytoplasmic RNA was harvested at various times after infection and analyzed by Northern blot hybridization with either CAT or UL4 probes as described in Materials and Methods. Lanes: 1, mock-infected RNA; 2 to 4, RNA harvested at 6, 24, and 48 h after infection, respectively. tein complex Y was greatly induced after HCMV infection. Elk-1 is one of the members of the Ets family of transcription factors, which can bind to DNA motifs containing a core 5Ј-GGA-3Ј trinucleotide (16, 74) . We cannot rule out the possibility of other DNA binding proteins. Several candidate proteins, such as cellular transcription factors Sp1, SRF, and SAP-1 were not detected in complex Y by EMSA, by supershift assay, or by competition assays (data not shown).
Previous studies have demonstrated that Elk-1 can be activated by the p38 pathway (35, 65, 90, 95) . In HCMV-infected cells including HFFs and human embryonic lung fibroblasts, both the ERK1/2 and p38 MAPK pathways were activated early after infection (36, 69) . Involvement of the SAPK/JNK pathway in Elk-1 activation is unlikely, since SAPK/JNK is not activated up to 48 hpi with HCMV (36) . In the absence of prestimulation of the infected cells, the ERK1/2 activation can be detected at 15 min postinfection and maintained elevated through 8 hpi. The p38 activity can be detected at 8 hpi and maintained throughout late times after infection (36, 69) . The involvement of kinases in the phosphorylation and activation of Elk-1 protein is under further investigation. In addition, a recombinant virus with just the Elk-1 site mutated is being isolated.
The second possible mechanism of UL4 promoter activation could be the IE86 protein that transactivates early viral promoters by interacting with the basal transcription complex at (6, 32, 52, 63, 78, 94) . In addition to the HCMV IE86 protein, adenovirus E1A protein has been found to be phosphorylated by the activated ERKs (28, 94) . A recent report indicated that the early HCMV promoter, UL112-113, which drives the synthesis of a 2.2-kb RNA, is a MAPK/ERK-responsive promoter (69) . The regulatory site identified is a CREB/ATF site, which is a target of several signaling pathways, including the cyclic AMP-dependent protein kinase A, calcium or calmodulin kinases, the ERK, SAPK/ JNK and p38 pathways (68, 85, 90, 91) .
Different viruses can induce activation of one or more of the MAPKs. For example, the simian immunodeficiency virus can induce activation of all three major MAPKs upon binding to FIG. 5 . Steady-state RNA levels transcribed from the UL4-CAT promoter with either wild-type or a site 2 mutation at early times after infection. HFFs were infected with 5 PFU of RVwt-as or RVdlIE86-as per cell. Cytoplasmic RNA was analyzed as described in the legend to cell surface receptor (64) . Among herpesviruses, cells infected with HSV-1 can have both the p38 and SAPK/JNK pathways activated; however, the activation of ERK was not detected (60, 98) . The ERK, SAPK/JNK, and p38 MAPK pathways were all activated following infection with Epstein-Barr virus (1, 17) .
For HSV-1, the mechanisms for activation of the SAPK/JNK pathway have been narrowed down to the point that early and FIG. 6. Steady-state RNA levels transcribed from the UL4-CAT promoter with either a wild-type site 2 or a more extensive mutation of the site 2 region at early times after infection. HFFs were infected with 5 PFU of RVwt-xs, RVdlElk-1/IE86-xs-A, or RVdlElk-1/IE86-xs-B per cell. (A) Autoradiogram of RPA. Lanes: 1, mock infected; 2, RVwt-xs at 24 hpi; 3, RVdlElk-1/IE86-xs-A at 24 hpi; 4, RVdlElk-1/IE86-xs-B at 24 hpi; 5, 32 P-labeled IE1 riboprobe not treated with RNase; 6, mock infected; 7, RVwt-xs at 24 hpi; 8, RVdlElk-1/IE86-xs-A at 24 hpi; 9, RVdlElk-1/IE86-xs-B at 24 hpi; 10 and 11, 32 P-labeled CAT and actin riboprobes not treated with RNase, respectively; 12, 32 P-labeled DNA standard molecular weight markers. Lanes 1 to 4, only the 32 P-labeled IE1 riboprobe was added to the reaction mixture; lanes 6 to 9, both the 32 P-labeled CAT and actin riboprobes were added to the reaction mixture. Lanes 1 to 5 were from a longer exposure to show the IE1 signal. The sizes of the protected RNAs are indicated (in nucleotides [nt]). RVdlElk-1/IE86-xs-A and RVdlElk-1/IE86-xs-B were isolated from two independent transfections. (B) Image acquisition analysis of the CAT signal normalized to actin. This figure represents the results from one of at least three experiments performed. late viral proteins are not necessary for this activation (60) . More interestingly, recent reports by Adamson et al. (1) demonstrated that the Epstein-Barr virus IE protein BZLF1(Z) or BRLF1(R) expressed by adenovirus vectors can activate the SAPK/JNK and the p38 signaling pathways in HeLa cells. Some investigators suggest that the latent membrane protein 1 might be responsible for the activation of ERKs in rodent fibroblasts (68) . Which viral IE proteins of HCMV are responsible for activation of either ERK or p38 signal transduction pathways is not known.
So far, studies have focused on transcriptional regulation of the UL4 promoter and translational regulation of glycoprotein gp48 encoded by the UL4 gene (3, 7, 8, 30, 31, 58) , but the putative function of this viral glycoprotein has not been determined yet. Although the HCMV UL4 gene is not essential for viral growth in tissue culture, whether or not this viral glycoprotein is dispensable for infection and pathogenesis in a human host is not known yet.
In summary, these results indicate that the UL4 promoter of HCMV contains an Elk-1 protein-binding site. The activation of the HCMV UL4 promoter is affected by the activation of an Ets family of transcription factors, such as Elk-1, and the MAPK/ERK pathway may play a role in HCMV early viral promoter activation. The activation of the MAPK/ERK pathway by these viruses may contribute to the regulation of the host cell cycle and viral pathogenesis (89) . FIG. 7 . EMSA and competition assay with wild-type (wt) and mutant site 2 DNA using HeLa cell nuclear extract. (A) Sequences of the wt and mutant (dlIE86 and dlElk-1/IE86) DNA probes. Probes and competitor DNAs were generated as described in Materials and Methods. (B) Autoradiogram of EMSA and competition assay using HeLa cell nuclear extract. Lanes: 1, free wt site 2 probe alone; 2, wt site 2 probe plus HeLa cell nuclear extract; 3, 5, 7, and 9, wt site 2 probe plus HeLa cell nuclear extract in the presence of a 10-fold molar excess of nonradioactive wt, dlIE86, dlElk-1/IE86, and M3 control DNA fragments, respectively; 4, 6, 8, and 10, wt probe plus HeLa cell nuclear extract in the presence of a 50-fold molar excess of nonradioactive wt, dlIE86, dlElk-1/IE86, and M3 control DNA fragments, respectively. The specific complexes X and Y are indicated. Free probe is at the bottom of the gel, which is not shown. 
